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Abstract: Ocean tidal variation is a key parameter for ensuring coastal safety, monitoring marine
climate, and maintaining elevation datum. Recently, the ground-based global navigation satellite
system reflectometry (GNSS-R) technique has been applied for regional tidal measurements, which is
somewhat restricted in terms of temporal and spatial resolutions. A convenient method to improve
temporal resolution of measurements is to combine multi-GNSS observations. This paper proposes a
new sea-surface altimetry method using the posterior errors (PE) of dual-frequency carrier-phase
signals derived from the ionosphere-free Precise Point Positioning (IF-PPP). Considering that the
number of initial retrievals is obviously unsuitable for minute-level tidal measurements, both the time
sliding window based on the Lomb-Scargle periodogram and a weighted cubic spline smoothing
function are significant processing steps for estimating the reflector heights between the sea surface
and antenna center. Measurements from two coastal GNSS stations with different tidal amplitudes
are used to test the proposed method and compare it with the tide gauge and the signal-to-noise ratio
(SNR) methods, respectively. The experimental results show that the multi-GNSS PE combination
method can be used to estimate a minute-level sea level time series, and its root-mean-squared errors
(RMSE) are about 12.5 cm. In terms of correlation, for all results, the corresponding coefficients
exceed 0.97. Moreover, this combined PE method demonstrates a significant advantage in increasing
temporal resolution, which is beneficial for application on high-frequency sea-level monitoring.

Keywords: global navigation satellite system reflectometry; posterior error; ionosphere-free precise
point positioning; sliding window; weighted cubic spline; sea-surface altimetry

1. Introduction

The annual variation in mean sea surface height (MSSH) has been approximately
3.3 mm since the early 1990s, and the rising sea level height caused by global warming
has become one of the main slow-onset disasters threatening humankind [1,2]. Accurately
monitoring the ocean surface height in the global reference frame and its continuously
high-frequency variations is of great significance and value. This can not only can help us
to interpret the ocean circulation and physical mechanism of global climate change, but
also provide the basic data for developing the global vertical datum. Sea surface heights
(SSH) measured by conventional techniques, i.e., satellite altimetry and ground-based
tide gauges (TG) [3], have covered most of the global ocean area; however, there are still
spatial and temporal gaps and finer-scale variations in tidal height that may be overlooked,
particularly in coastal regions. Moreover, the extensive SSH measurements around the
world are limited by a decreasing number of TGs and the distorted echo waveforms of

Remote Sens. 2022, 14, 5599. https:/ /doi.org/10.3390/1s14215599

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs14215599
https://doi.org/10.3390/rs14215599
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-5755-1343
https://orcid.org/0000-0003-0164-0715
https://doi.org/10.3390/rs14215599
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14215599?type=check_update&version=2

Remote Sens. 2022, 14, 5599

2 of 21

altimetry near the coastline. Thus far, the main applications of the global navigation satellite
system (GNSS) have been for positioning, navigation, and timing (PNT) services. Focus has
been on positioning, navigation, timing, remote sensing, and communication (PNTRC) [4,5].
In recent years, a novel integrated concept of passive remote sensing technique, called
GNSS reflectometry (GNSS-R), has been put forward to monitor sea surface characteristics,
such as tide [6] and wind speed [7,8], with a low cost, low energy consumption, and large-
scale coverage. The GNSS positioning technique can obtain the coordinates of the GNSS
observatory and its combination with the ground-based GNSS-R retrievals can measure
the absolute SSH parameters.

Previous studies [9,10] have indicated that the ground-based GNSS-R platforms on
estimating SSH mainly consist of two observation patterns: Double Antenna Pattern (DAP)
and Single Antenna Pattern (SAP). The DAP-based satellite receivers are simultaneously
equipped with a low-gain Right-Handed Circular Polarization (RHCP) antenna and a
high-gain Left-Handed Circular Polarization (LHCP) antenna and are available for various
receiving platforms, such as ground-based GNSS-R, spaceborne GNSS-R, etc. These meth-
ods are costly and sensitive to retrieving sea-level height, sea wind speed, and significant
wave height with a high resolution. Since the early 1990s, the concept of PARIS (Passive
Reflectometry and Interferometry System) was first adopted for sensing small features in
the sea-level observations [11]. The Zeeland Bridge I in the Netherlands was then used as
an example to test the potential of the PARIS-based SSH estimation approach using the
relative delays between the direct and reflected signals [12]. Moreover, Lofgren et al. [13]
also applied a DAP-based receiver to analyze three-month SSH results and compare them
with independent measurements from two stilling well gauges, which showed a high
correlation of 0.96.

Studies on the GNSS-R SSH retrieval algorithm with a standard geodetic receiver
have been carried out by multiple research teams since the early 21st century, when the
concept of interference patterns was first put forward by Anderson [14]. This method
only used the interference components of signal-to-noise ratio (SNR) data from both the
direct and reflected signals received by a zenith-looking geodetic antenna to measure
the height information above the reflection layer, which is significant and applicable for
monitoring ocean characteristics such as sea surface height. Subsequently, a great deal of
analysis and many studies involve the SAP-based GNSS-R technique for altimetry, and
this technique is generally termed GNSS-interferometric/multipath reflectometry (GNSS-
IR/-MR) [15]. Larson et al. [16,17] clearly described how to establish the inversing model
between the amplitude or carrier phase of SNR signal change affected by the surface around
the GNSS receiver and environmental parameters (soil moisture and snow depth). After
that, Larson et al. [18,19] further applied the SNR-based GNSS-R model and the raw SNR
data outputted from the existing GPS network to retrieve SSH on the static or dynamic
ocean surface. They also pointed out that the dynamic sea state has a negative effect on
the accuracy of the SNR model for retrieving sea-level changes. To address this sea state
bias (S5B) induced by waves, Roussel et al. [9] presented a SNR-based GNSS-IR altimetric
methodology for monitoring the dynamic SSH change, which introduced a classical Least
Square Method (LSM) adjustment to conjointly estimate the reflector height and its variation
rate. On the basis of the dynamic SNR method, Wang et al. [20] verified the performance
of the improved quad-constellation GNSS-IR approach using both sliding windows and
robust strategy at a Multi-GNSS EXperiment (MGEX) site and the solution showed better
accuracy for tidal height measurements. In general, these SNR-based sea surface altimetry
approaches rely on spectral methods, such as the conventional Lomb-Scargle periodogram
(LSP) algorithm [21,22]. However, because the effects of temporal reflector height variations
should be taken into consideration during a measurement time span, Strandberg et al. [23]
proposed an SNR-based inverse modeling using a B-spline smooth function, and it showed
an increase in the accuracy of sea surface height. Later, the Kalman filters were introduced
to optimize the inverse modeling for near-real-time SSH retrievals [24].
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Recently, except for the studies on the SNR models, multipath effects on both pseu-
dorange and carrier-phase observations obtained from a single-antenna GNSS receiver
have also been successfully applied for height information measurements such as sea-level
change and snow depth [15,25]. These solving algorithms based on the new observations
can be categorized into two methods, including the single-frequency and multi-frequency
signals. The first method is a combination of single-frequency pseudorange and carrier-
phase observations. It is mentioned that the combined single-frequency method and the
SNR method can be adopted for any GNSS receivers. Li et al. [26] found a relationship
between reflector height and peak frequency of the multiple effects extracted from the
combined single-frequency GNSS observations and evaluated the performance of this
method for snow-depth estimations. Zhang et al. [27] extended the application to the
rough sea-level retrieval for the first time, and the proposed second-order dynamic model
improved sea-level retrieval accuracy by introducing the factor of the vertical acceleration.
The second method is a combination of multi-frequency GNSS measurements, and it uses
multiple error signals of two or more frequencies. A geometry-free linear combination (L4)
of the GNSS dual-frequency (DF) carrier phase at low elevation angles is initially used
to estimate sea-level changes [28], with results that are similar to those derived from the
corresponding SNR arcs. However, compared with the single-frequency GNSS-IR method,
the number and quality of such combined GNSS measurements with different oscillation
components will decrease. So far, the temporal resolution of SSH estimations derived
from the existing GNSS-IR methods could reach approximately hour-level measurement,
and the estimations at low elevation angles cannot cover the whole observation period
because of the uneven distribution. Thus, these techniques are not able to meet the accurate
application of hydrologic monitoring. Thus, it is important to develop a simple approach
to further improve the temporal and spatial resolution.

In this paper, we propose a novel ground-based GNSS-IR approach using the poste-
rior errors (PE) of DF carrier-phase signals obtained from ionosphere-free precise point
positioning (IF-PPP) [29,30] to retrieve the sea surface height time series at a 6 min interval.
The main purpose is not to improve accuracy, but to prove the possibility of high-temporal
SSH estimation using the GNSS PEs. The data processing of the GNSS PPP technique
has corrected several errors of the carrier-phase measurements, and the remaining PEs
contain multiple errors and noise signals, which are difficult to model or estimate. There-
fore, the outliers of the SSHs retrieved from the PEs are possibly removed by utilizing
the spectral analysis of the LSP method as a data quality control. Herein, a time-sliding
window method [31] is used to divide each PE arc with low elevation into several signal
intervals, and each signal interval can retrieve the corresponding reflector height (RH).
After processing the data quality control, we employ a weighted cubic spline function to
smooth the daily RH time series. Finally, resampling the smoothing RH series at the a
6-min interval is essential for SSH retrievals.

2. Materials and Methods
2.1. Site Description and Experimental Dataset

Sea-surface-height sensing utilizes the PEs of GNSS DF carrier-phase observations
from the geodetic networks. We have selected two GNSS stations as the experimental
examples to obtain the PE data (Figure 1), and these measurements from both stations have
been analyzed in some previous studies [27,32]. The tidal reference values measured by
tide gauges around the selected GNSS stations are applied to assess the performance of the
proposed method. In addition, some details about sites and datasets are described in the
following part.
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Figure 1. Location of two GNSS reference stations. Both SC02 and SCOA are operated by the
EarthScope Plate Boundary Observatory (PBO, https://www.unavco.org/data/gps-gnss/gps-gnss.
html (accessed on 22 July 2022)) [33] and Institut National de L'Information Géographique et Forestiere
(IGN), respectively.

2.1.1. Site-Specific Summary

The PBO station SC02 (Figure 2c) was specifically installed in 2001 for geophysics
research, and it is located in Friday Harbor (48.5462°N, 123.0076°W, —15.049 m), 130 km
northwest of Seattle, Washington (US). The mean vertical height difference between the
phase center of the antenna and sea surface is approximately 6.0 m [27], with the largest tidal
fluctuations of ~4 m. As shown in Figure 2a, SC02 was built within the gulf, surrounded by
several islands, which is rarely subject to extreme weather. The triangular steel installation
consists of a Trimble TRM29659.00 choke-ring antenna with a hemispherical radome, which
is connected to a Trimble NETRS GPS receiver that records GNSS observation with a 15 s
sampling interval. The co-located tide gauge (the horizontal distance of about 350 m) at
Friday Harbor is operated by the U.S. National Oceanic and Atmospheric Administration
(NOAA, available at https:/ /tidesandcurrents.noaa.gov /stations.html?type=Water+Levels
(accessed on 18 August 2022)) [34]. The Friday Harbor tide gauge (SCOTG) is equipped
with a standard acoustic aquatrak gauge; its sampling interval was 6 min.

Station SCOA (43.3952°N, 1.6817°W, 59.486 m; Figure 2b), located in the east of the
Biscay Bay of Saint Jean-De-Luz, along the French Atlantic coast of France, is managed by
RGP (Réseau GNSS Permanent—http:/ /rgp.ign.fr/ (accessed on 18 August 2022)) from
the IGN [35]. The mean vertical height is approximately 11.0 m, with a tidal range of
about 5 m in spring. In Figure 2d, the steel installation of SCOA is placed against the
wall of the building and comprises a Trimble TRM55971.00 antenna without a radome,
which is connected to a LEICA GR25 receiver that records data with a 30 s sampling period.
Recently, it has been upgraded with the multi-GNSS receiver capable of obtaining carrier
signals from triple-constellation satellites. The co-located tide gauge, Socoa, is operated
by the Permanent Service for Mean Sea Level (PSMSL) of the Service Hydrographique et
Océanographique de la Marine (France, available at http:/ /www.ioc-sealevelmonitoring.
org/station.php?code=scoa2#mess (accessed on 18 August 2022)), 2 m apart horizontally
from the GNSS station. The Socoa station is equipped with radar; its sampling interval
was 1 min.
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Figure 2. Photographs of the two GNSS reference station SC02 and SCOA: (a,b) the aerial view [36];
(c,d) the surrounding environment. These images are obtained from https://www.unavco.org/
instrumentation /networks/status /nota/overview /SC02 (accessed on 18 August 2022) and https:
//www.sonel.org/ (accessed on 18 August 2022), respectively.

2.1.2. Characteristics of Signal

For the two experimental sites in this study, we have chosen multi-GNSS data, includ-
ing carrier-phase and SNR, on DOYs 350-365, 2021 and DOYs 1-31, 2022. At the end of
January 2022, some raw GNSS observations for site SCOA were missing. A combination
of DF L-band carrier signals extracted from multi-constellation satellites corresponded
to different PE arcs. Both SC02 and SCOA recorded the phase and SNR data of L1 and
L2 from GPS, of R1 and R2 from GLONASS, and of E1 and E5a from Galileo. As the
corresponding type of signal from BeiDou satellites is only single-frequency observations
and has a lower number of measurements at a low elevation angle for the experimental
site, the SSH estimations based on BeiDou cannot be studied in this work. The detailed
parameters of both phase and SNR types obtained from two GNSS stations are shown in
Table 1.

Table 1. Specific parameters of GNSS observation for multi-constellation satellites received by two
GNSS receivers.

System Frequency Band Frequency (MHz) Phase Code SNR Code
Gps L1 1575.42 L1C S1C
L2 1227.60 L2X 52X
R1 1602 +k x 9/16 1 L1C s1C
GLONASS R2 1246 + k x 7/16 L2C 52C
Galil E1l 1575.42 L1X S1X
anieo E5a 1176.45 L5X S5X

1 For GLONASS constellations, the parameter k is the number for each satellite.
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2.1.3. Selection of Azimuth and Elevation

For a data processing method for RH estimation above the sea surface, it is essential
to preliminarily select the available masks of the azimuth/elevation angle. As shown in
Figure 3, we used an open-source GNSS-IR Web App developed by Larson et al. [36,37] to
plot the first Fresnel zone (FFZ) for two GNSS sites at the elevation angles of 5° to 15°, and
these FFZs are projected onto a Google Earth image.

Figure 3. Screenshots of the FFZs for site SC02 (a) and site SCOA (b) at elevation angles of 5° (yellow),
10° (blue), and 15° (red), respectively. A fixed reflector height is projected onto the aerial image
provided from Google Earth App [36].

Figure 3 shows the local environment around the GNSS receiver and the coverage
area of the FFZ with different elevation angles for each site. It can be clearly seen that
the surrounding regions for the two GNSS sites comprise open water and land, and thus
the border between both reflection layers can determine the range of the azimuth angle.
Wang et al. [38] proposed a grid map method using the power spectral density (PSD) of
RH values with different azimuths to explore the azimuth range for site SC02. The result
showed that the azimuth angles of 50°-240° can be refined as the available range. Similarly,
we used this grid map method to examine the coverage areas for the site SCOA, and its
azimuth range is approximately 30° to 230°. In addition, through the analysis of Larson
et al. [19], the available masks of SSH retrievals for both sites are generally in the elevation
angle range of 5°-20°.

2.2. Basic Principle of GNSS-IR-Based Sea Surface Altimetry

The traditional ground-based GNSS-IR sea surface height retrieval model was pro-
posed by Larson et al. [18,39]. Here, while the major component of the complex GNSS
signal is directly obtained by a geodetic antenna, its minor component also comes into the
antenna after at least one reflection above sea level (Figure 4). Thus, there is a path delay
between the direct component and reflected component because of the time difference. The
relative phase angle ¢ related to the additional path can be expressed as follows:

47tH-sin 6
¢=——F 1)

where A is the wavelength of the GNSS single-frequency signal. Then, there is a linear
relationship in the variation rate between the relative phase offset ¢ and sine of the elevation
angle 0, equal to [18]:

d¢ 47H
dsme) ~ a2 @
where f, is the frequency caused by the multipath oscillation. In general, the frequency f,
can be calculated by using an LSP method. We thus obtain the reflector height:
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Because the RH values measured by the GNSS-IR technique show the relative varia-
tions in sea level for one period, they should be converted into the absolute sea level in a
reference frame based on the tide gauge datum. Moreover, the height within a reference
ellipsoid can be obtained from the GNSS PPP technique. Through the analysis of Figure 4,
the Equation of the absolute sea level is given by

Hsea = HAnt + hRE + HDutum —-H (4)

It may be mentioned here that the value of H4,,; + hrg + Hpgtum is a constant. Finally,
to test the possibility of the proposed method on SSH estimation, we can compare the SSH
estimation Hg,, with the measured tidal dataset Hrg.

GNSS satellite

Receiver
antenna

Tide gauge

Figure 4. Simplified geometric chart of shore-based GNSS-IR sea surface altimetry. H is the reflector
height between the antenna center and sea surface; H 4,;; is the vertical height from the antenna center
and land surface; Hrg is the tidal dataset collected from the tide gauge; Hpgtyy is the difference
between the reference ellipsoid and tide gauge datum; and 6 is the satellite elevation angle.

For the data processing of GNSS positioning, apart from the SNR observation which is
mainly applied to assess signal quality, the measurement function of the carrier-phase data
L (in units of meter) for GNSS DF signal can be modeled as [26]:

L1:p+C(tr—tS)—11+T+M1+)\1N1+81 )
Ly=p+cty—t)—L+T+ M+ ANy +e

where p is the geometrical distance between the GNSS satellite and antenna center; c is the
speed of light; t, and #° are the clock bias of the receiver and satellite, respectively; I and T
denote the ionospheric error and tropospheric delay, respectively; N stands for an integer
ambiguity; £ represents the complex random noise signal; M is the multiple effect extracted
from the carrier-phase observation. To obtain the multiple effect of GNSS PE arcs, we used
an IF combination method to remove ionospheric delay. We thus obtain:

L]p = lXLl — ‘BLZ (6)
__fi
&= m"m
f1f2f2 (7)
B= =2
1~ /2

where f; and f, denote the GNSS dual frequencies. Therefore, a combination of
Equations (5)—(7) can be simplified into the following formula:
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Lip=p+c(ty — ) + aA Ny — BANy + T+ aMy — BMy + aeq — Ber (8)

Equation (8) shows that the combination of dual-frequency carrier-phase observations
is ionosphere-free. The IF-PPP method is one of the popular GNSS point precise positioning
methods. Accurate modeling of orbit error, satellite clock error, ionospheric error, tropo-
spheric error, and various signal delay deviations is of great significance in PPP processing.
For the IF-PPP method, the details of the data-processing strategy for these parameters in
Equation (8) are given in Table 2.

Table 2. The specific data-processing strategy of the IF-PPP method for GNSS dual-frequency obser-

vations.
Terms Data-Processing Strategy
Observations GPS: L1/L2; GLONASS: G1/G2; Galileo: E1/E5a
Method IF-PPP

Cut-off elevation angle
Estimator

Receiver position
Receiver clock

Satellite orbit and clock

50

Kalman filter (Backward and Forward)
Estimated from the PRIDE software [30]
White noise model

Precise ephemeris and clock products

Constant model (each ambiguity parameter corresponds to
one observation arc per satellite)

White noise model

Zenith Dry Delay (ZDD): Global Pressure and Temperature
(GPT3) model; Zenith Wet Delay (ZWD): Random-walk
model (5 x 1078 m2/s)

IF combination method

Integer ambiguity

Inter-frequency biases
Troposphere delays

Ionospheric delays

After carrying out data processing of the IF-PPP model, all parameters except for
M and ¢ in Equation (8) can be isolated [30]. In fact, the PE data of GNSS carrier-phase
observations is one of the by-products calculated from the IF-PPP method. Here, the
multiple errors of GNSS PE arcs are as follows:

_ A y(_ sing
M= 5y fan <1+y'cos¢) ©)

where u denotes amplitude factor, which can thus be approximated equal to A,/ A;. As-
suming tan~! x = x and # < 1, Formula (9) can be simplified as [26]

M = E-‘wsm 1 (10)

A , (47(H -sin @ >

Since the multiple errors M derived from GNSS PEs are far larger than those of the

random noise ae; — ey, the noise component can be ignored [40]. Then, taking sin 6 as an
independent variable x and f = 2H /A, the PE arc can then be written as:

~ (0{)\1 — ‘B/\z)
Lir ~ — ==
IE aMy ﬁMz o

-p-sin(27-f-x) (11)

The existing GNSS-IR method using carrier-phase observations is a linear combination
of dual-frequency carrier-phase measurements, called the L4 method. The L4 method
directly removed the geometric distance, clock errors, and tropospheric delays. Then, a
high-degree polynomial fit method can be used to remove the ionospheric delays, integer
ambiguity, and random noise. Compared with the L4 method, the PE method can correctly
estimate these individual parameters and remove the corresponding errors.

According to Equation (11), Ljr is approximately a sinusoidal function with the
independent variable x and frequency f (Figure 5a). Similar to the SNR model, we thus
directly used the LSP method to analyze Equation (11). As shown in Figure 5b, there
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are two obvious peaks for the LSP results derived from the observed and simulated arcs.
Previous work [26] indicated that the higher peak is related to the reflector height, and a
linear function between GNSS antenna height and the frequency is described as

H=af+0b (12)

where a and b are the linear fitted coefficients. The linear model between the antenna
height and frequency related to the higher peak derived from the simulated observations is
presented in Figure 6. Table 3 showed the specific fitting coefficients for different satellite
constellations. The parameter of a is approximately equal to half of the higher wavelength
for the GNSS DF signal. After estimating the RH for each arc, Equation (4) can convert the
RHs into the absolute SSH.

— 0.02 T T T T — 60

S [ Observed == Simulated 2

o S

(U SN

N Of = 40

o ()

= 2

o 8

2 -0.02 © 20

o 5

2 2 N

O _po4t . . . . . i O 0 3/\/\ o\

017 0.2 0.23 0.26 0.29 0.32 0.35 0 30 60 90 120 150

Sin(ele) Frequency (Hz)
(a) (b)

Figure 5. (a) PE arc of the DF carrier-phase combination (red) for GPS PRNO1 received from site SC02
on DOY 1, 2022 and the simulated arc (blue); (b) the corresponding LSP results.

10

RMSE=0.032 m
R%=0.99

Antenna height /m
D

5 =

4t

3r O Simulation|
—Fitting

2 1 1 1 1 1

20 30 40 50 60 70 80

Frequency /Hz

Figure 6. A linear model between the antenna height and frequency related to higher peak with the
elevation angle range of 5°-20°. Herein, the parameters of a and b are given in Table 3.

Table 3. Fitting coefficients calculated from the simulated arcs for different satellite constellations.

Fitting Coefficients

System Frequency Combination Y
a
GPS L1+12 0.1222 —0.011
GLONASS Gl +G2 0.1203 —0.020

Galileo E1l + Eba 0.1273 —0.012
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2.3. Strategy of Data Processing
2.3.1. Signal Extraction Based on a Sliding Window

For the classical LSP method, each track for a single satellite can only obtain one
retrieval. The spatial and temporal resolution of an existing tide gauge is far better than that
of the shore-based GNSS-IR technique based on a single satellite track. Since the temporal
resolution of SSH retrieved by the GNSS-IR method is related to the number of the rising
or setting satellite tracks, it is difficult to achieve the purpose of high-frequency sea-level
monitoring when the observing status of a GNSS satellite is poor. Larson et al. [19] used
the LSP method to estimate the frequency values of the SNR arcs adjusted by a data length
window, and the results indicate that the LSP method based on the length window is an
improved approach with similar accuracy and higher estimation points. In addition, the
frequency value for a longer observation arc derived from a dynamic ocean is not fixed
during a satellite pass [23].

Generally, the available data length captured by the elevation and azimuth ranges
is approximately within the range of 20 to 40 min. To obtain more observation arcs, we
applied a 15 min time window length with 5 min overlap of the time length to cut off a PE
arc in sequence; each segmented arc can retrieve the corresponding RH value by using the
LSP method. Because the PE arc is generated from the GNSS data processing, its multiple
effects can be affected by the unmodeled random noise. Therefore, a significant quality
control method is essential for all RH estimations, which can guarantee the accuracy of
these estimations.

2.3.2. Data Quality Control for RH Retrievals

Similar to the study of Larson et al. [19], we limited all RH retrievals to the available
range due to this RH range being related to sea surface height. Three steps are used for
the combined retrievals derived from multi-GNSS measurements in our study: firstly, the
spectral amplitude calculated by the LSP method is a key element. When the ratio of the
amplitude peak value to the average amplitude values is above 3, the corresponding RHs
are considered significant. As shown in Figure 7, some gross errors should be removed from
these remaining RHs. Thus, the second step is a rejection of the gross errors based on the
RH results. Specifically, we can divide the daily tidal height dataset into two tidal intervals,
i.e., higher tide and lower tide. Then, we calculate the mean u and standard deviation o of
these RHs for each tidal interval, respectively, and those gross errors are rejected outside
the confidence interval of [y — 20, u + 20]. Furthermore, due to the precision of the sea
level estimated by the observed arcs with a lower elevation angle being better than that of
the observed arcs with higher elevation angle, the minimum value of the elevation angle
range for each PE arc should be below 15°.

6 : . . : :
GPS+GLO+GAL o L o
o o o©
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or o GPS % measured sea level
O GLONASS O Galileo .
0 4 8 12 16 20 24
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Figure 7. Absolute SSH series retrieved from the peak RHs at site SCOA are compared with measure-
ments of the tide gauge on DOY 1, 2022.

2.3.3. Smoothing Retrievals by Weighted Cubic Smoothing Spline

As discussed before, these data quality control steps can guarantee the precision of the
combined sea-level retrievals derived from multi-GNSS PE arcs. However, the excessive
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retrievals within one observation period will cause a considerable redundancy. In principle,
a piecewise modeling is a simple solution but results in discontinuities at the nodes. The
studies of Hobiger et al. [41] and Strandberg et al. [23] demonstrated that a B-spline function
can overcome such deficits but not show enough stability for the initial node or terminal
node. To solve this problem, Pan et al. [42] noted that the tidal amplitudes obtained by
using a cubic spline interpolation are highly smooth and reject some weak oscillations.

In order to achieve the stable and high-frequency sea-level estimations, we applied
a weighted cubic smoothing spline function to improve the sampling rate. The specific
methods are: firstly, we determine the combined SSH retrieval points at 1-day intervals,
and the daily n points are defined as Tpoy = {t1,t2,t3,...,tn}. Secondly, a weighted
cubic smoothing spline function is used to fit the whole set of points for each interval
Tpoy. Detailed information of a cubic smoothing spline can be found in Appendix B of
Pan et al. [42]. Finally, we decided to resample the fitting curve of SSH retrievals in a
6 min interval.

The following flow chart shows the specific steps of the proposed GNSS-IR method
for SSH estimation (Figure 8):

Step 1: Posteriori errors generated by IF-PPP model

h 4

Step 2: Selection of elevation and azimuth angle range

A 4

Step 3: Piecewise signal extraction using a sliding
window

4
Step 4: LSP retrieval for each arc of multi-GNSS

Step 5: Data quality control for RH retrievals

Step 6: Smoothing sea surface heights by weighted
cubic smoothing spline

A4

Step 7: Resample and output a 6-min sea level
monitoring data

Figure 8. Flow chart of a high-temporal GNSS-IR sea-level retrieval method.

3. Results and Discussions

In Sections 2.2 and 2.3, we introduce the theory of GNSS-IR method based on PE arcs
and several data processing strategies. Because the two experimental GNSS stations can
capture the DF carrier-phase observations, we retrieved the coastal high-temporal SSH
time series by using the PE and SNR, respectively, and verified the possibility of sea surface
height retrieval using the proposed method.

3.1. Experimental Results in Friday Harbor, USA

From mid-December 2021 to January 2022, a nearshore ground-based experiment was
conducted in Friday Harbor, Washington, USA. When Wang et al. [38] studied the sea-level
measurements for site SC02, they selected the available azimuth angle range between 50°
and 240°. Based on their results, we also selected these same azimuth angle constraints in
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a PE arc of GNSS DF carrier-phase observations. There are dozens of arc measurements
in 20-35 min for each satellite constellation. As shown in Figure 9, the specific number of
the daily PE arcs without a sliding window at site SC02 is about 38 for GPS, about 20 for
GLONASS, and about 25 for Galileo. Note that, each individual PE arc can only estimate
an RH value at a certain time. Thus, we used a sliding time window to separate the arcs
with low elevation angles, and the corresponding numbers for different constellations
increased several times, especially for Galileo. After processing the LSP estimation for each
fragmented arc and carrying out data quality control, the RH series for each constellation
per day can be obtained. Figure 10 shows the absolute SSH variation time series related to
RH retrievals for GPS tracks recorded by site SC02 on DOY 001, 2022.
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Figure 9. Number of daily PE arcs for GPS, GLONASS, and Galileo carrier-phase observations
recorded from site SC02 during the experimental period. (a) Initial observation arcs; (b) extended

%

observation arcs based on a sliding window.

In Figure 10, good agreement can be seen between the SSH estimations and in situ
measurements from the tide gauge. The number of raw observation arcs for GPS PE arcs
is 8, and this increased to around 20 after using a sliding window. The RMSE values of
retrievals derived from both methods are 25.7 and 18.7 cm, respectively. In addition, it can
be seen that more retrievals covered more variations in sea level. These results indicate that
the spatial and temporal resolution of SSH retrievals can be significantly improved with
increasing GNSS observations.

3 .
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Figure 10. Sea surface heights estimated from GPS PE arcs for site SC02 on DOY 1, 2022. Red: LSP
results for raw observation arcs; Blue: the additional LSP results after using a sliding window.
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An initial study by Wang et al. [20] found that a longer wavelength corresponds to an
SNR type with better quality, e.g., GPS 52X, GLONASS S2C, and Galileo S5X, and it shows
a better accuracy of retrieval for these signals. Thus, to preliminarily test the relationship
on the sea-level retrievals for different constellations between the PE and SNR methods, we
also applied the same type of SNR signal to estimate SSH time series at site SC02. Figure 11
shows that the sea surface heights derived from the PE and SNR methods correspond well
to the measured SSH variations, all of which convincingly recreated the overall trend of
the in situ tide gauge. In Figure 12, there is a simple linear relationship between in situ
measurements and retrievals for GNSS PE arcs, and Van de Casteele diagrams show the
residuals between the retrievals and the corresponding in situ measurements. In addition,
the average number of SSH retrieval points per day, RMSE, and linear correlation coefficient
(R?) for each GNSS-IR estimation method are presented in Table 4.

Figure 11 indicates a generally excellent performance of GNSS-IR SSH retrievals for
different constellations recorded from site SC02, compared to the corresponding tide gauge.
Additionally, the combined retrievals for both PE and SNR methods can further improve the
temporal resolution. Notice that most of clusters for the PE-based GNSS-IR SSH retrievals
are concentrated on larger and lower tidal levels per day, especially for GLONASS and
Galileo. Conversely, those clusters derived from the SNR method are evenly distributed
in the whole experimental period, which may be partially responsible for more retrieval
points (Table 4). The RMSE between the SSH measured from the tide gauge and those
estimated by the GPS carrier-phase combination (red dots in top image of Figure 11) is
20.8 cm, which is larger than that of GPS SNR method by 4.0 cm. The linear slope of
SSH estimations determined by the carrier-phase combination (top left image of Figure 12)
amounts to 0.965 m/m, and its correlation is 0.973. For GLONASS-based SSH retrievals,
the RMSEs and correlations for both GNSS-IR methods are similar to the results derived
from GPS. The RMSE for Galileo S5X (blue squares in bottom image of Figure 11) is also
superior to that of the corresponding phase combination (red dots in bottom image of
Figure 11). The slope is 0.956 m/m, and the correlation (top right image of Figure 12) is
0.968. Furthermore, three Van de Casteele diagrams of Figure 12 show residuals between
the co-located tide gauge and retrievals for the carrier-phase combination method. We can
see a similar scale of deviations for three SSH retrieval time series, and they may result
from the sea surface wind and atmospheric delay [20].

To sum up, these studies indicate that the PE arcs of the single constellation enable
monitoring of sea-level variations. As shown in Table 4, the average estimation points
derived from the SNR method per day are far beyond those of the carrier-phase combination
method, and the RMSE value of the former is lower than that of the latter by about 4.0 cm.
Interestingly, there is good performance of sea-level estimation for the GNSS carrier-phase
combination at high and low tide, and the SNR method shows a significant advantage on
SSH retrievals during a transition period between the tides. Except for reasons of signal
quality, the IF-PPP method might offset the multiple effects of carrier-phase observation
to obtain the better accuracy of positioning. Moreover, it should be noted that no obvious
inter-frequency bias was observed from the SSH retrievals in Figure 12 and Table 4.
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Figure 12. Performance of sea surface height with different GNSS observations for site SC02.
(a—c): Linear relationship of sea-level variations estimated from GNSS PE arcs versus the in situ
results recorded by tide gauge; (d—f): Van de Casteele diagrams (GNSS-estimated sea-level residuals
versus in situ measurements).
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Table 4. The average number of retrieval points per day, RMSE, and correlation coefficients (R?) for
each observation type at site SC02.

System Observation Code Aver.age Number of RMSE (cm) R?
Retrievals per Day

L1+12 19 20.8 0.973
GPS S2X 40 1655 0.972
R1+R2 1 219 0.970
GLONASS s2C 28 17.1 0.977
Galil El + E5a 12 22.0 0.968
alrleo S5X 28 17.9 0.963

3.2. Experimental Results in Socoa, France

To verify the feasibility of the proposed method on SSH estimation, the retrieval results
derived from the PE of GNSS are compared with those of the co-located tide gauge. For the
two reference tide gauges used in our study, the sampling intervals of the measurements
are 6 min and 1 min, respectively, and thus we decide to resample the SSH time series for
the tide gauge Socoa at a 6 min interval. Additionally, we selected the GNSS measurements
for the same observation period to estimate SSH time series. For the selected elevation and
azimuth ranges in Section 2.1.3, there are approximately 80 PE arcs in about 30 min for
the combined multi-GNSS signals. The number of available PE arcs increased by about
110 after using a 20 min time sliding window with 5 min intervals of the satellite epoch
to divide each PE arc with elevation angles of 5°-20°. Each obtained GNSS PE fragment
has 40 measurements. To prove the advantages of the combined multi-PE arcs, we chose
multi-GNSS PE measurements on DOY 1, 2022 to retrieve SSH time series, presented
in Figure 13.
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Figure 13. Smoothed SSH time series of site SCOA estimated by PE measurements for different
constellations on DOY 1, 2022. (a) GPS; (b) GLONASS; (c¢) Galileo; (d) multi-GNSS combination.

Figure 13 shows that the SSH estimations for different constellations correspond
fairly to those measured by tide gauge. However, the performance of these SSH time
series smoothed by a cubic spline method has a difference due to the different numbers of
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estimations. The multi-GNSS PE combination method has the least deviations, followed by
GPS, Galileo, and GLONASS, which has the worst precision at site SCOA. Therefore, this
result shows that a cubic spline method can use more retrieval nodes to regenerate SSH
with high accuracy and temporal resolution. Figure 14 shows the SSH time series retrieved
by both observation combination methods and the linear regression between GNSS-based
estimations and measured sea level. Table 5 summarizes the average number of retrievals
per day, slope of regression, RMSE, and correlation for both combination methods.
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Figure 14. Sea surface height of site SCOA estimated by the combined PE and SNR arcs for different
constellations, respectively, and linear relationship between retrievals and in situ tidal data. (a) A
combination of multi-GNSS PE arcs; (b) a combination of SNR arcs collected from GPS S2X, GLONASS
52C, and Galileo S5X; (c) the corresponding linear relationship for GNSS PEs; (d) the corresponding
linear relationship for GNSS SNR.
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Table 5. The average number of retrieval points per day, slope of regression line, RMSE, and
correlation for both PE combination and SNR combination methods.

Average Number of

: 2
GNSS Observation Retrievals per Day Slope (m/m)  RMSE (cm) R
PE combination 35 0.952 18.4 0.973
SNR combination 45 0.976 16.5 0.988

The comparison shows a great agreement between GNSS-based SSH estimations and
the referenced sea-level measurements (Figure 14), with all correlations above 0.97, and
they demonstrate a generally strong linear relationship. As shown in Table 5, for retrievals
for both methods, there was no significant difference in the number of retrieval point and
regression slopes. The RMSE of the estimated SSH series for the PE method (blue triangles
in the top image of Figure 14) is 18.4 cm, which is higher than that of the SNR method (red
diamonds in the middle image of Figure 14) by about 2 cm. Moreover, we can see that the
SSH time series for the SNR combination has fewer retrieval points in several periods, e.g.,
DOYs 350-351 in 2021, DOYs 7-9, DOY 13, and DOY 29 in 2022, which may result from
differences in signal quality for each GNSS station. During the corresponding observation
periods, the PE combination can be an effective supplement for monitoring SSH.

During the experimental period, the similar results between SC02 and SCOA indicate
that the performance (terms of RMSE) of a PE combination is generally slightly poorer
than that of a SNR combination, with a few exceptions when the number of usable satellite
tracks decreases. In addition, after processing the multi-GNSS PE combination, a cubic
spline further improved the temporal resolution of retrievals.

The multi-GNSS PE combination method was applied to retrieve all RHs, and a
weighted cubic spline method with a 6 min interval smoothing was applied to those
obtained to reduce data redundancy, as shown in Figure 15.
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Figure 15. Sea surface heights derived from multi-GNSS PE combination arcs and its residuals
with tide gauge. (a) Sea surface height estimation; (b) residuals between the estimations and in
situ measurements.

The combined SSH estimation time series (blue dots in top image of Figure 15) excel-
lently correspond to the overall trend of measured sea-level variations, even at high tide
and low tide. Notice that a range of the estimated residuals is almost between —20 and
20 cm, which appears to be a normal distribution (Figure 16). The correlation and RMSE
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between the 6 min combined retrievals and in situ measurements for the corresponding tide
gauge were 0.988 and 12.5 cm, respectively, and the average residual was approximately
1.5 cm. In Figure 16, we also show the standard deviation o of these residuals and the
residual distribution of multi-PE-based SSH time series in two intervals of [—2¢, 20| and
[—0o, o]. It shows that the rates of residuals within both intervals are up to 0.966 and 0.677,
respectively. These remaining residuals may mainly be attributed to significant wave height
resulting from a wave. The study achieved hour-to-minute-scale resolution in ground-
based GNSS-IR SSH estimation. The high-temporal SSH monitoring benefitted from the
combination of more satellite tracks, good data quality, and a decrease in redundancy data
per day.
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Figure 16. Statistics residual distribution histograms of SSHs estimated from the multi-GNSS PE
combination method.

4. Conclusions

This study proposed a new high-frequency sea-surface altimetry method that uses
the PE measurements derived from GNSS DF carrier-phase observations after precise
point positioning. These PE measurements are different from the traditional SNR method,
which can be generated after using IF-PPP technique at GNSS receivers. GNSS datasets
collected from two near-shore stations are used to test the feasibility of the proposed
GNSS-IR method. The results demonstrate that the SSH series estimated from the carrier-
phase PE arc show a good agreement with the in-situ tidal dataset, with the correlation
coefficient exceeding 0.96 and 0.97 at both sites, which is close to the SNR method during
the experimental period. These results indicate that the GNSS PE method can also be used
to monitor sea level as an alternative observation in case SNR data is not obtained.

The double peaks were found in the LSP estimation result for one PE arc derived
from the IF-PPP technique, which is also shown in the L4 method [28,43]. The double
peak problem in Figure 5b is caused by the dual-frequency observation combination,
and the double peaks correspond to the frequency of different signals. Through the
analysis of Table 3, the parameter of a in Equation (12) is approximately equal to half of
the higher wavelength for the combined signal. That is, the first peak that is related to
the higher wavelength can be used to estimate RH between the sea surface and antenna
phase center. Based on this conclusion, we established a linear relationship between the
corresponding frequency for the GNSS signal with high wavelength and RH. Then, due to
the unmodeled noise signals in PE arcs, an essential data quality control method is applied
to remove the gross errors. Thus, the results of this work achieve the first contribution
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to verify the possibility of long-term SSH retrieval series using the LSP method and PE
measurements with different constellations for the first time, especially for estimation
results from GLONASS and Galileo signals.

Temporal resolution for the coastal GNSS-IR method is a crucial and necessary step.
In Figure 9a, the number of raw PE arcs for an individual constellation per day at site
SCO02 is less than 50, which is not available for dynamic sea levels. To solve this problem,
a sliding window method further adjusts the PE arc by the fixed time window. Then,
the number of PE arcs adjusted by the window increased by about 5 times, as shown
in Figure 9b. Figure 13 shows that more retrievals provide better characteristics of sea
surface height variations. After the data processing of sliding window and quality control,
the average number of PE-based retrievals per day for an individual constellation at site
SCO02 is below 20. In addition, the RMSE values of PE-based retrievals for an individual
constellation at site SC02 are from 20 to 22 cm. Note that there is no significant inter-
frequency bias for these retrieval results. It implies that the inter-frequency bias may be
related to the receiver or antenna.

Previous studies [20,44] indicate that the combination of multi-GNSS retrievals can
improve precision and/or temporal sampling. In the development of ground-based GNSS-
R technique, the GNSS stations equipped with antennas that can track all GNSS signals are
to be recommended [45]. The second contribution is to increase the temporal resolution
of the combined multi-GNSS PE method using the weighted cubic spline method. As
shown in Figure 14, the RMSE values for both combination methods at site SCOA are
approximately 18 and 16 cm, respectively. However, the distribution of SSH retrievals is
not uniform in most case. To process the data redundancy in a short observation period,
the weighted cubic spline method is introduced to smooth those retrievals per day in a 95%
confidence interval, which can regenerate a 6-min-level SSH time series. Finally, this study
achieved a minute-scale SSH estimation, and its RMSE up to 12.5 cm.

Compared with the existing GNSS-IR methods based on the carrier-phase observation,
the proposed method has a unique advantage in the generation of data. The PE data cor-
rectly estimates and removes individual parameters including the orbit error bias, satellite
clock error, ionospheric error, tropospheric error, and various signal delay deviations. Be-
cause PE data is a by-product in GNSS precision positioning, the complex pre-processing is
not required. Furthermore, this is an initial study for the PE-based GNSS-IR technique, and
further studies may focus on the improvement of the raw signal model, frequency extrac-
tion, and the adaptability of BeiDou signals. Meanwhile, the method is worth developing
to monitor storm surge, snow depth, and so on.
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